This paper presents experimental results on a microelectromechanical energy harvester with curved springs that demonstrates an extremely wide bandwidth. The springs display an asymmetrical bistable behavior obtained purely through their geometrical design. The frequency down-sweep shows that the harvester 3-dB bandwidth is about 587 Hz at 0.208-g acceleration amplitude. For white noise excitation at 4 Â 10 À3 g 2 =Hz, we found that the bandwidth reaches 715 Hz, which is more than 250 times wider than in the linear-spring regime. By varying the bias voltage, an output power of 3.4 lW is obtained for frequency down-sweep at 1-g amplitude and 150-V bias. In recent years, energy harvesting from ambient environmental vibrations has been proposed for powering wireless sensors.
In recent years, energy harvesting from ambient environmental vibrations has been proposed for powering wireless sensors.
1,2 However, linear resonating energy harvesters with a narrow bandwidth are not suited for real world applications since ambient vibration sources usually have a wide spectrum of frequencies or varying vibration spectra. For example, the vibration of car tires have very wide frequency spectrum, spread from 300 Hz to about 800 Hz. 3, 4 Developing techniques to widen the bandwidth of vibration energy harvesters has become the next important problem in this field.
Three common nonlinearities of suspensions-hardening, softening, and bistability have been recently exploited to increase the harvester bandwidth. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Symmetric bistable suspensions have shown a great potential for increasing energy harvester bandwidth. 5, 9, 11, 13 To achieve bistable behavior, these harvesters use permanent magnets. It has been proposed 24, 25 that asymmetric bistable behavior without the use of magnets can be obtained for energy harvesters with three-segmented springs 26 or curved springs. 27 However, such asymmetric bistability has not yet been experimentally verified.
In this paper, we present experimental results for a wideband electrostatic energy harvester with curved springs based on microelectromechanical systems (MEMS) technology. It can operate from 373 Hz to 1088 Hz for sufficiently large white noise vibration. The curved springs demonstrate asymmetrical bistable behavior obtained purely through their geometrical design. Fig. 1 shows the MEMS electrostatic energy harvester with curved springs. It has two asymmetrical in-plane overlapvarying transducers, referred to as transducer 1 and transducer 2. The device is fabricated on a silicon-on-insulator wafer using bulk microfabrication technology. 28 The chip area is 1 Â 1 cm and the device layer is 150-lm thick. The sidewalls of the capacitor fingers are oxidized to allow for vertical-electret biasing. 29 In this work, we focus on studying broadband performance of the harvester using an external voltage to bias the device. reactive ion etch process resulting in a non-rectangular cross section. For small displacements, the springs behave linearly. For further displacement in the positive direction, the curved springs have increasing stiffness. In the negative direction they first exhibit softening behavior, reach an unstable equilibrium point at À65 lm displacement, then a stable equilibrium position at À95 lm. Beyond this point, the stiffness increases (hardening behavior). Consequently, these curved springs are asymmetrically bistable. The springs buckle at a displacement of about À71 lm.
Fig . 3 shows the output power versus load resistance on transducer 1 and 2, respectively. Since the optimal load depends on the excitation frequency, the output power for each resistance value is measured by frequency down-sweep. When the frequency varies from 1149 Hz (the resonant frequency) to 400 Hz, the optimal load of transducer 1 changes from 9 MX to about 22 MX while the optimal load of transducer 2 changes from about 7 MX to about 14 MX. In the later experiments, the load is fixed at the optimal load in the softening spring regime, e.g., R L1 ¼ 14:5 MX and R L2 ¼ 10 MX. Fig. 4 shows the frequency-response curves of the harvester under frequency up-sweep at very small acceleration amplitudes such that the device works in the linear-spring regime. As a resonant energy harvester, the device works with very narrow bandwidth of about 2.8 Hz (3-dB bandwidth), corresponding to a total quality factor of about 410.
The response curves for frequency sweeps at larger acceleration amplitudes are shown in Fig. 5 . For frequency up-sweeps, the harvester responds with a narrow bandwidth. For frequency down-sweeps, the bandwidth is broadened in a somewhat complex manner with increasing acceleration amplitude. The sensitivity of bandwidth increase to acceleration-amplitude increase becomes very small when approaching 0.200 g and a jump-down frequency of 800 Hz. This is illustrated by the 0.125 g, 0.176 g, and 0.200 g traces. A small increase beyond this threshold, e.g., to 0.208 g, results in an abrupt transition to a jump-down frequency of 380 Hz. This can be explained by the proof mass reaching the unstable point (see Fig. 2 ) at the threshold. The harvester 3-dB bandwidth in this case reaches 587 Hz, which is about 209 times wider than the 3-dB bandwidth in the linear-spring regime.
During the experiments at larger than 0.200 g amplitude, we sometimes observed down-sweeps indicating a resonant frequency of about 820 Hz instead of 1149 Hz, e.g., the lower frequency-response curve for 0.208-g amplitude in Fig. 5 . We interpret this as the initial position of the proof mass being at the locally stable point (À95 lm in Fig. 2 ) and therefore a direct observation of the bistable behavior.
The output power versus down-sweep frequency for several bias voltages is shown in Fig. 6 . The jump-down frequency depends on the bias since increasing the bias voltage will increase the electrical damping and the total damping. So, to get the same jump-down frequency point, higher bias requires higher acceleration amplitude. The harvester still maintains wide bandwidth response at high bias voltages. At the bias voltage of 150 V, a maximum output power of 3.4 lW is achieved, corresponding to 226lW=cm 3 . Fig. 7 shows the average output power versus power spectral density (PSD) of acceleration for white noise vibrations. The output power increases with increasing acceleration PSD, but at different rates for small ( 0:8 Â 10 À3 g 2 =Hz) and large acceleration PSD (! 0:8 Â 10 À3 g 2 =Hz). The reason for this difference in slope may be that the proof mass impacts the mechanical end stops more frequently for larger acceleration PSDs.
The PSDs of output voltage for some selected acceleration PSD values are shown in Fig. 8 . At small acceleration level of 5 Â 10 À5 g 2 =Hz, where the harvester works in the linear-spring regime, the harvester responds with narrow bandwidth. Increasing the acceleration levels, the response bandwidth dramatically increases. At the acceleration level of 3:96 Â 10 À3 g 2 =Hz, a harvester 3-dB bandwidth of 715 Hz (cut-off frequency from 373 Hz to 1088 Hz) is achieved. Compared to the 3-dB bandwidth in the linear-spring regime, this bandwidth is more than 250 times larger.
The coupling of an electrostatic energy harvester increases with increasing a bias voltage and results in a corresponding overall increase of the average output power when driven by white noise. The power versus bias voltage for the white noise vibration of 3:96 Â 10 À3 g 2 =Hz is shown in Fig. 9 . Because the output voltage is measured through a buffer amplifier OPA2137 which has an input-voltage limit of 18 V, the highest bias voltage in this experiment is limited to 200 V. An average output power of about 1.5 lW is achieved at this maximum voltage. Table I shows the comparison of the measured 3-dB bandwidths of some wideband energy harvesters reported in the literature. The MEMS energy harvester with curved springs obtains the largest 3-dB bandwidth and the second largest normalized frequency 3-dB bandwidth of nearly 1.
The bistable characteristic of the springs is attained purely by geometrical design. This approach is better suited for micro-fabrication than the use of permanent magnets. The bandwidth enhancement of the nonlinear harvester hinges on sufficiently large proof mass displacements. The device is therefore only suited to wide-band operation for ambient vibrations beyond a certain acceleration level.
The maximum output powers of 3.4 lW for frequency sweep and 1.5 lW for white noise were obtained at bias voltages of 150 V and 200 V, respectively. These high bias voltages are potentially challenging to obtain for vertical electrets. However, the achievement of 95 V from the demonstration of a vertical electret in Reference 29, shows that it is not unrealistic to expect electret-voltages in our bias-voltage range.
In conclusion, we presented experimental results for a MEMS energy harvester using curved springs that demonstrated an extremely wide bandwidth. The fabricated curved springs displayed an asymmetrical bistable behavior, which was obtained purely by their geometrical design. Under the frequency down-sweep, a harvester 3-dB bandwidth of 587 Hz was achieved at an acceleration amplitude of 0.208 g. For a white noise excitation at the level of 4 Â 10 À3 g 2 =Hz, the harvester 3-dB bandwidth reached 715 Hz, which is more than 250 times wider than in linear-spring regime.
Such wideband MEMS energy harvesters are wellsuited to extract power from wide spectrum vibrations such as in car tires or from sources with a wide range of variability in the spectrum. Charging the dielectric layers on the sidewall of capacitor fingers to create electrets to bias the harvester is the topic of our future work. 
